Abstract. Changes in rotation have been observed in LHCD experiments. From these observations, reversals in intrinsic torque have been inferred. This paper identifies the mechanism for intrinsic torque reversal linked to magnetic shear (ŝ). Gyrokinetic simulations demonstrate that as compared to the normalŝ case, the intrinsic torque reverses, forŝ <ŝ crit . Analysis shows that the reversal occurs due to the dominance of the symmetry breaking mechanism in residual stress due to the synergy of toroidal coupling and the intensity gradient. This mechanism is a consequence of ballooning structure at weakŝ. Gyrokinetic simulation givesŝ crit ≈ 0.3 for trapped electron modes (TEM) andŝ crit ≈ 1.1 for ion temperature gradient (ITG) modes. The value of s crit is consistent with results from the Alcator C-Mod LHCD experiments, for whicĥ s > 0 in the whole plasma column andŝ exp crit ≈ 0.2 ∼ 0.3 [J. Rice et al, Phys. Rev. Lett. 111, 125003].
Introduction
The origin of intrinsic or spontaneous flows is a key issue for the understanding of various physics phenomena, e.g., solar differential rotation [1] , formation of the tachocline [2] and atmospheric jet stream [3] , etc. In tokamak plasmas, toroidal rotation can develop due to intrinsic torque density τ I , i.e., the divergence of residual stress Π R rφ , without direct external momentum injection [4, 5] . As an efficient mechanism to mitigate macroscopic instability [6] and regulate turbulent transport, intrinsic rotation is particularly important for International Thermonuclear Experimental Reactor (ITER), since neutral beam injection (NBI) is not sufficient to drive the requisite rotation on large tokamaks.
Rotation reversal experiments on tokamak devices-both Ohmic ones [7] and otherwise [8, 9] -present a compelling challenge to our understanding of intrinsic torque and might have connections to dynamo reversal phenomena. In recent studies of rotation with lower hybrid current drive (LHCD) on Alcator C-Mod, ∆V φ reversed from high P LH (lower hybrid wave power) to low P LH discharges, where ∆V φ is the change of toroidal velocity in the core (r/a < 0.5) during LHCD [9] . In these discharges, high P LH corresponds to high plasma current I p , low q and normal (or relatively high) coreŝ (magnetic shear), and vice versa for low P LH . Motivated by experimental evidence [9, 10] and theoretical understanding [5] , it is hypothesized that ∆V φ is due to the reversal in the underlying intrinsic torque. In the plasma core, the toroidal torque during LHCD is in the counter-current direction whenŝ is normal and reverses whenŝ is lower than a critical valueŝ crit . In these discharges,ŝ is always above zero, increases monotonically with r, and rotation changes mainly for r/a < 0.5. Thusŝ crit is estimated at r/a ∼ 0.3. Experimental results indicate that torque reversal occurs forŝ <ŝ exp crit ≈ 0.2 ∼ 0.3. Understanding the effect of the q-profile on intrinsic torque is also an issue of interest in the context of internal transport barrier (ITB) formation and profile "de-stiffening", which occur in both reversed and weakly positive magnetic shear [11] .
The recent theoretical development, simulation studies and experimental observations provide understanding of the intrinsic rotation (see [5, 12] and references therein). The suggested mechanism for residual stress generation includes, but is not limited to, radial profile shearing effects [13] , up-down asymmetry of the equilibrium [14] , shear flow induced by mean E r [15] or zonal E r [16] , and turbulent acceleration [17, 18] . To the lowest order in the normalized Larmor radius ρ * , the poloidal tilt of the global mode structure arising from the "profile shearing" (the radial variation of the equilibrium profiles) leads to a finite residual stress as demonstrated in [13] . On the other hand, based on the fluid model and the sheared slab geometry, it has been suggested that the turbulence intensity gradient can lead to finite parallel wave vector k and thus to finite residual stress [19] . Heuristically, by combining the intensity gradient mechanism and the mode structure "tilt" theory, the residual stress can be written as
where I is the turbulence intensity, α is a function of other variables (see Eq. (3) of [19] for a model equation), Π tilt rφ is the residual stress related to the profile shearing induced mode structure "tilt" [13] , and "R" inθ R k means that the "tilting" angle is a real number. Although recent gyrokinetic simulations demonstrated the dominance of the profile shearing effect related to "tilting" angle over the turbulence intensity effect on the residual stress generation [20] , the study therein is limited to a specific parametric regime (ŝ, mode type, etc). In broader parametric regimes, the dominance of either mode structure "tilt" or turbulence gradient effects is inconclusive. Meanwhile, some basic issues remain to be clarified. First, the effect of the q profile, especially the magnetic shear, on intrinsic torque remains unclear although recent experimental observations demonstrated its possible effect on intrinsic torque reversal [9] . In addition, the residual stress and intrinsic rotation generation at weak magnetic shear regime are of particular interest because of their potential impact on ITB formation, which occurs not only in negative magnetic shear but also in regimes of weakly positive magnetic shear [11] . Second, the local (in r direction) simulation of the residual stress [13] takes a real number θ R k , the "tilting angle", as the input parameters but the effect of the turbulence intensity radial gradient on parallel mode structure has not been considered on the same footing and the corresponding studies rely on global simulations. As a result, a framework needs to be developed to describe both the "tilting" mode structure mechanism and the turbulence intensity mechanism in terms of a theoretical tractable form. Last, although the ITG-TEM transition has been suggested as the intrinsic torque reversal mechanism, its applicability regime needs to be verified. As to be shown in Table 2 , the ITG-TEM transition induced intrinsic torque reversal due to intensity gradient only occurs in a specific magnetic shear regime.
In this work, we report new features of the symmetry breaking of the parallel wave vector and the residual stress, which emerge as dominant at lowŝ and leads to intrinsic torque reversal. The underlying mechanism is due to the synergy of toroidal coupling and intensity gradient, which leads to significant radial eigenfunction shift and residual stress orientation change at weakŝ. Heuristically, Eq. (1) can be rewritten as
whereŝ crit is around 0.3 for TEM and 1.1 for ITG according to our simulation of a model case in section 2. The value ofŝ crit changes slightly for Alcator C-Mod plasmas as shown in section 5. The critical value ofŝ crit is set by the competition between magnetic drift and ion finite Larmor radius (FLR) effects. Most previous works on residual stress focused on normalŝ regimes [19, 21] , so the mechanism proposed in this paper complements to previously proposed mechanisms [13, 19] . Based on our simulations and analyses, the calculated intrinsic torque direction and the critical magnetic shear for torque reversal are consistent with experimental observations on Alcator C-Mod. The novelty of this work can be demonstrated by drawing its connection to the profile shearing effect [13] and the intensity gradient mechanism [19] using the complex mixed WKB-full-wave approach for the 2D mode structure analysis [22] , as shown in table 1.
"Profile shearing" refers to the "radial variation of the equilibrium" which leads to the "poloidal tilt of the global mode structure" in [13] . More generally, the radial variation (e.g., first and second derivative of the profiles) can leads to both the radial propagation and radial envelope variation of the mode, as shown later. The consequent symmetry breaking of the mode structure occurs not only in the configuration space (up-down symmetry breaking of mode structure in θ direction), but also in spectrum space (k symmetry breaking). As a result, the "radial variation" in this work has more general meaning than the "profile shearing" in [13] . The intrinsic torque reversal found in our study is connected to the radial mode shift away from its rational mode surface (RMS) at weak magnetic shear and thus is not the mechanism introduced in [19] , which is based on sheared magnetic field slab geometry where the radial mode shift is assumed to be zero. This reversal is also not captured in [13] since the reversal observed in our work is not merely due the radial propagation and since the "tilting" angle does not change orientation as the intrinsic torque reverses. Although this mechanism is already included in a properly implemented global gyrokinetic code, identifying this mechanism requires the understanding of the generalized symmetry breaking mechanism due to the radial variation with both mode structure tilt and intensity (or envelope amplitude) gradient included. Table 1 . The generalized symmetry breaking mechanism due to the radial variation using the complex mixed WKB-full-wave approach (mixed approach) [22] and its connection to the profile shearing mechanism [13] and turbulence intensity gradient mechanism [19] .
Symmetry breaking source 2. Global gyrokinetic simulations using GTS
GTS code and simulation parameters
We use the GTS code [16, 23] and consider typical tokamak parameters [24] . GTS is a global gyrokinetic, particle-in-cell, δf code. With the capability of capturing the global effects such as the turbulence intensity gradient and propagation in the radial direction from the normal to weakŝ regime in realistic three dimensional (3D) geometry, GTS is well suited for the study of q profile effects in this work. The equilibria used in our study are generated using the Equilibrium and Stability Code (ESC) [25] , with q and pressure profiles specified. The model equilibria in this section are characterized by on-axis magnetic field value B axis ≈ 2, major radius R 0 = 2.5, minor radius a = 0.7, outer boundary elongation E = 1.45, and triangularity κ = 0.144. Shown in Fig. 1 are the q profiles with on-axis q min and off-axis q min for qualitative studies in Figs. 2, 5, 6 . The off-axis q min profiles are represented by the normal (positive)ŝ and weakly positivê s cases. For quantitative parametric scans in Figs. 3, 4, 7, 12 , the q profile with on-axis q min is specified as
where the radial-like coordinate r = Ψ t /Ψ t,edge is the square root of the normalized toroidal magnetic flux. The values of q 0 , C 0 and C 1 are determined by three input variables q e , q c andŝ c , which are the safety factor at the edge and the reference radius r c , and the magnetic shear at r c . Profiles of temperature and density gradient are given by
where the subscript X indicates T i , T e and n e (n e = n i has been assumed). The value of r w is related to the curvature (or the second derivative) of the temperature and density profiles. If r w = 0.325 is chosen, the R 0 /L X profile is close to the profiles used in other works [13, 20] . However, the value r w = 0.2 used in this section is more relevant to the base case we defined for the C-Mod LHCD rotation experiment as to be demonstrated in section 5. The temperature and density profiles are chosen according to their gradient profiles and their values at the reference radius r c , T i = T e = 3.5keV , n i = n e = 1.6×10 13 /cm 3 . Here a/ρ i (r = r c ) ≈ 160, where ρ i = υ ti /Ω i and υ ti ≡ T i /m i . The turbulence develops around r c , whereŝ(r c ) and q(r c ) have a specific values; thus the effects ofŝ and q on Π R rφ can be studied by changingŝ(r c ) and q(r c ). In GTS, Coulomb collisions between like particles are implemented via a linearized Fokker-Plank operator with particle, momentum and energy conservation while electron-ion collisions are simulated by the Lorentz operator [26] . In our simulations, collisions are included for self-consistency. In GTS, it is optional to include the equilibrium radial electric field (E r0 ) which can be calculated according to the radial force balance equation consistent with the toroidal rotation profile [27] or by a global neoclassical code GTC-Neo [28] . However, we will show that the symmetry breaking due to E r0 × B flow shear is not the dominant effect of intrinsic torque reversal from normal to weakly positiveŝ in section 3 according to the comparison of simulations with and without the E r0 × B flow. The neoclassical effect in GTS can be included by retaining the relevant terms in the gyro-kinetic equation while using the initially loaded shifted Maxwellian distribution function [29] . However, in this work, we focus on global physics effects associated with finite ρ * and profile/turbulence-intensity variations while the neoclassical effect on momentum transport [30, 31] is not considered. More detailed description of the gyro-kinetic simulation model implemented in GTS code can be found in [29] . The simulation is performed using the electro-static GTS version with fully kinetic electrons and real mass ratio m i /m e = 3672 for deuterium plasmas. The simulation grid spacing in radial and poloidal directions is the local Larmor radius ρ i . For simulations in this section, we choose N r = 70 ∼ 110 in the radial direction, N φ = 32 in the toroidal direction in simulation domain with 0.1 < r < 0.8 (nonlinear simulation) or 0.2 < r < 0.8 (linear simulation). Due to the field-line following grid, the number of toroidal modes allowed in the system is not limited by N φ . For the purpose of this work, the nonlinear simulations are performed on the turbulence time scale, around 400 ∼ 600 L T /υ ti and with 40 particles per cell. As a result, the noise over signal ratio can be readily controlled at a low level compared to simulations on a much longer transport time scale [32] . On this time scale the turbulence gets saturated and the spectrum reaches approximately steady state. The toroidal momentum flux is calculated as
where . . . indicates the flux surface average, υ E is the E × B drift and υ φ is the full velocity in toroidal direction including the toroidal projection of the parallel and perpendicular velocities. For nonlinear simulations, the average of Π rφ is obtained during several decorrelation time cycles (approximated by the inverse drift wave linear growth rate [33] ) so that the statistical error is thought to be well below the signal.
Intrinsic torque reversal for weakly positive and negativeŝ compared to that for normalŝ
We first study the intrinsic torque reversal with reversedŝ and compare to that for normalŝ. Here "normalŝ" refers to a base case with on-axis q min profile and s(r c = 0.5) ≈ 0.6 at the reference radius r c , while "reversedŝ" refers to the case with an off-axis q min profile andŝ(r c = 0.4) ≈ −0.3 as shown in Fig. 1 . The value of the reference radius is set to r c = 0.5 and 0.4 respectively so that even after the turbulence spreads in the radial direction, the overall effect ofŝ(r c ) is evident. We choose κ T i = 0 to eliminate the ion temperature gradient (ITG) instability and focus on trapped electron mode (TEM) turbulence. The ITG case is discussed later. We choose η e ≡ κ T e /κ ne = 2, κ ne = 2.25 for normal shear and κ ne = 3 for reversed shear to compensate the stabilizing effects of the reversedŝ. The radial profiles of the residual stress are shown in Fig. 2 . In the linear and nonlinear simulations, all the toroidal modes are kept without applying a spectrum filter and thus the residual stress for linear cases is mainly contributed by the most unstable mode. For the nonlinear simulation, the toroidal mode spectrum has a down shift (see Fig. 9 of [34] for the picture of spectrum down shift during nonlinear stage). Compared with the normalŝ case (Fig. 2 A) , the orientation of the residual stress for the reversedŝ case changes, as shown in Fig. 2 B. Since the divergence of residual stress gives the intrinsic torque, i.e., τ I = −∇·Π R rφ , the orientation change of the Π R rφ radial profile indicates intrinsic torque reversal. By comparing the radial structure of Π R rφ in the linear (blue lines) and nonlinear (black circles) stage, we found that the radial profile of Π R rφ maintains a similar structure. A parametric scan is performed in reversedŝ regime withŝ(r c ) ranging from −0.4 to 0. The intrinsic torque reversal is found ifŝ(r c ) < 0, demonstrating reversedŝ as a sufficient condition for intrinsic torque reversal. One key question is whether a reversedŝ is also necessary for intrinsic torque reversal or whether a weakly positiveŝ is sufficient. To determine the condition for reversal, we examine the radial structure of Π R rφ at weakly positiveŝ and identify the critical magnetic shear valueŝ crit at which the intrinsic torque reverses. Different q profiles are generated based on Eq. (3) with differentŝ values but fixed q at r c = 0.5, as shown in Fig. 3 A and B . The other parameters are the same as those in the previous reversed magnetic shear case. The orientation of residual stress is found to reverse whenŝ(r c ) decreases from 0.4 to 0.2, as shown in Fig. 3 D and E. More parametric scans indicate that the transition of residual stress orientation occurs atŝ ≈ 0.3. This result shows that the intrinsic torque can thus reverse ifŝ is lower than a critical, positive valueŝ crit but not vanishingŝ as indicated by previous intensity gradient mechanism [19] . It has been shown that the shear reversal is not required. Another set of parametric scans is performed with fixedŝ profile but varying q values at r c = 0.5, i.e.,ŝ(r c ) = 0.4 and q(r c ) varying from 0.94 to 2.06. It is found that the residual stress profiles have the same orientation although q changes significantly. Thus the change inŝ leads to intrinsic torque reversal while change in q has no significant effect. This observation helps understand the torque reversal in the Alcator C-Mod LHCD experiment for weakŝ [9] . In addition to TEM turbulence, ITG turbulence is also studied. We choose κ T i = 4.5, κ T e = 1.125 and κ n = 1.5 for the parametric scan using GTS. The critical magnetic shear for ITG-driven intrinsic torque reversal is found to beŝ IT G crit ≈ 1.1. The direction of the intrinsic torque, based on the divergence of residual stress at the small minor radius side of the intensity peak, is summarized in Table 2 . It is shown that the intrinsic torque reverses fromŝ >ŝ IT G R toŝ <ŝ T EM crit , both for ITG and TEM turbulence. In addition, an intermediate shear region exists, where intrinsic torque for ITG and TEM turbulence has opposite directions. As a result, it is important to know the magnetic shear regime and the mode type in predicting the direction of intrinsic torque. The question of intrinsic torque in mixed states merits attention. Note that the accurate value ofŝ scrit might also be influenced by other parameters (T i and T e gradient, curvature etc) and thus can be different thanŝ Besides the orientation of the residual stress, the normalized residual stress is calculated according to [13] 
Since the wave intensity vanishes outside of 0.4 < r < 0.6 as shown in Fig. 3 , we only show the normalized residual stressΠ rφ in this region. Figure 4 demonstrates the radial structure ofΠ rφ with differentŝ(r c ). We choose the ITG case (κ T i = 4.5, κ T e = 1.125, κ n = 1.5) for the comparison with the previous work [20] . The parametric scan is performed withŝ(r c ) = 0.6, 0.8, 1.0 and 1.25. The most unstable mode has the poloidal mode number m = 41, 32, 31, 31. The corresponding poloidal wave vector is calculated according to k θ = m/ r where r is estimated on the flux surface, which yields k θ ρ i = 0.48, 0.38, 0.37, 0.37 respectively. Forŝ = 1.0,Π rφ is negative in the whole range, with a value around −0.04 (the average value is −0.0374 for 0.4 < r < 0.6), which is close to Π rφ υ ti /( Fig. 6 of [20] ( √ 2 is due to the different definition of υ ti ). This radial structure ofΠ rφ forŝ = 1.0 is also reminiscent of Fig. 3 of [20] , where the simulation was performed atŝ(r c ) = 0.78 and Π rφ was negative over the entire radial domain. However, asŝ(r c ) deviates from 1, the dipole structure of Π rφ appears and it supports the turbulence intensity gradient mechanism for residual stress generation. It should be noted that the global mode tilt at variousŝ(r c ) has the same direction for all cases in Fig. 4 , and that thus the orientation change of the residual stress is not due to the tilting angle reversal, which is relevant to ITG-TEM transition [13] . 3. The identification of the intrinsic torque reversal mechanism based on correlation and sensitivity studies
Correlation and sensitivity studies are performed to identify the origin of the residual stress. We focus on the weakly positive magnetic shear case withŝ(r c = 0.3) ≈ 0.1 as shown in Fig. 1 (green dashed line) . The correlation coefficient is calculated as follows
which describes the similarity of two sets of radial profiles at a given time and whereĀ andB are the average values along r, and the summations are performed in the radial domain. The coefficient describes the similarity between two radial profiles. Shown in the left frame of . This seems to support the generation of residual stress through the intensitygradient-induced finite k |δφ| 2 mechanism. However, it is found that the correlation between intensity gradient and residual stress has the opposite sign at weakŝ compared to that at normalŝ, which can not be explained by the traditional intensity gradient mechanism where the sign change ofŝ is required for the residual stress orientation change. On the other hand, as zonal flows develop, which can largely affect turbulence transport at saturation [35] , zonal flow shear may also contribute to Π R rφ generation in the nonlinear phase [16] . However, the zonal flow shear correlation with residual stress (C[Π R rφ , ω ZF ] ≈ −0.5) is not stronger than that with the intensity gradient. In addition, according to the right frame of Fig. 5 , the zonal flow appears not to alter the orientation of the residual stress from linear stage to nonlinear stage. To verify the effect of zonal flow shear, the residual stress profiles with zonal field switched on and off for weakŝ are compared in Fig. 6 . The orientation of Π R rφ profiles for both cases remains changed compared to that for normalŝ case in Fig. 2 A. This demonstrates that the Π R rφ reversal at weakŝ is not due to zonal flow shear effect. In addition to the effect of the zonal flow, the effect of equilibrium radial electric field E r0 induced flow [15, 36] is also examined. In the sensitivity study with respect to E r0 , when turning on and off E r0 , the observation of Π R rφ profile reversal from normal to weakŝ remains unchanged. Since E r0 is connected to the diamagnetic level velocity via the radial force balance equation, the sensitivity studies indicates that Π R rφ orientation change in the simulation is not due to the symmetry breaking mechanism related to the diamagnetic level velocity shear [15] . 
Interpretation of the intrinsic torque reversal based on mode structure analysis and the complex mixed WKB-full-wave approach
To understand the role ofŝ in intrinsic torque reversal, we analyze the radial structure of the poloidal harmonics (radial eigenfunction) δφ m (r) to demonstrate δφ m (r)'s unusual enhanced radial shift and the consequent k |δφ| 2 reversal at lowŝ. From the correlation analysis, k |δφ| 2 appears strongly correlated with the residual stress especially in the linear stage and thus we focus on k |δφ| 2 . Figure 7 (A and B) shows the radial eigenfunctions from the GTS simulation (the most unstable mode) and the schematics of δφ m (r) for normal (relatively high) (A, C) and weakŝ (B, D) cases. We use the q profile with on-axis q min in Eq. (3). The parameters are q(r c ) = 1.5,ŝ(r c ) = 1.0, κ e = 4.5, κ i = 1.125, κ n = 2.25 in Fig. 7 A, and q(r c ) = 1.5,ŝ(r c ) = 0.2, κ e = 6.0, κ i = 1.25, κ n = 3.0 in Fig. 7 B. In Fig. 7 A, the poloidal harmonics are localized at the rational mode surface while in Fig. 7 B, the modes with lower amplitude tend to shift away from the RMS towards the largest amplitude harmonic. The consequence on k |δφ| 2 is demonstrated by the schematics in Fig 4 C and D . For simplicity, we choose a single n mode and calculate k |δφ| 2 at r n,m , the mode rational surface of the harmonic (n, m), where by definition k || | rn,m = 0. For normalŝ, in the presence of intensity gradient, poloidal harmonics with m > m (blue line) contribute more to k |δφ| at r n,m than do those with m < m (red line), and thus k |δφ| 2 = m (nq − m )|δφ m | 2 /qR < 0 [19] , as shown in Fig. 7 C. However, at weakŝ, as shown in Fig. 7 D, the simulations show that the harmonic m − 1 shifts towards the harmonic (n, m) so strongly that k |δφ| 2 is set mainly by modes with lower amplitude, yielding k |δφ| 2 reversal as compared to that in Fig. 7 C. It should be noted that in Fig 7 C and D, we intend to identify the mode structure features which lead to the k |δφ| 2 reversal at lowŝ. Meanwhile the overall shift of the radial mode structure found in recent work [6] can also occur but is not likely to be the reason for k |δφ| 2 reversal at lowŝ in this work as shown in Fig.  7 A and B. In addition, the radial shift of the poloidal harmonics at lowŝ in this work is different than that due to equilibrium E r or zonal E r shear, as demonstrated by the foregoing correlation and sensitivity studies, and appears to be relevant to the intrinsic torque reversal at weakly positiveŝ. An analytical interpretation can be obtained from the quasilinear estimate of residual stress and its dependence onŝ. The connection between the residual stress and k |δφ| 2 can be seen in the parallel residual stress, which can be estimated as [19] 
For each n mode δυ r δυ ∝ k |δφ| 2 . A more rigorous derivation relies on the rigorous calculation of the drift wave (ITG/TEM) mode structure based on the gyrokinetic equation in tokamak geometry and the calculation of the parallel, perpendicular and polarization residual stress [5] , which will be studied in future work. The purpose of the following analysis is to consider a simple model for both the intensity gradient and the mode structure tilt effects on the reversal of k |δφ| 2 on the same footing and to discuss the relevant residual stress orientation change at weakly positiveŝ. The effect of theθ R k has been discussed in [13] in terms of the mode structure tilt. In our work, we also include the intensity gradient effect on the parallel mode structure by introducing the imaginary partθ I k . We calculate k |δφ| 2 by referring to the eigen equation in ballooning representation in the fluid-ion limit with the drive from the nonadiabatic electron taken into account [37, 38, 39] , where the parallel mode structure δφ is determined by the potential
which consists of the ion finite Larmor radius (FLR) term (k θ ρ i ) 2 and the ion magnetic drift term κ c = cosθ +ŝ(θ −θ k ) sinθ. Hereθ k ≡θ k,R + iθ k,I is related to the mode radial envelope A by A = exp{i nq θ k dr} and the other terms are standard notations in Ref. [37, 38, 39] . It should be noted that historically,θ I k has rarely been considered. In our study,θ I k is not much smaller thanθ R k and should be considered. For the TEM simulation in section 2, according to the mode structure in linear simulation, the approximated value with k θ ρ i ∼ 1, nq θ I k ∼ 10/a, ρ/a ∼ 1/100 yieldsŝ×θ I k ∼ 0.1 while the tilting angle isθ
To calculateŝ crit and demonstrate the effects of magnetic drift and FLR terms, a parametric scan ofŝ is performed based on Eq. (9) by solving the eigenvalue problem for the parallel mode structure. Other parameters correspond to those of GTS simulations. The normalized variable qR 0 k || ≡ m (nq − m)|δφ m | 2 / m |δφ m | 2 is calculated. As shown in Fig. 8 , the black line is the solution with Eq. (9) considered, and as the baseline, it shows that whenŝ decreases from normal to weak, qR 0 k crosses qR 0 k = 0 atŝ crit = 0.38. If we choose κ c = 0, qR 0 k always remains positive and close to a saturation value, indicating that the negative value of qR 0 k at weakŝ results from the magnetic drift term. The other curves have FLR or κ c terms artificially suppressed or amplified. They show that increasing κ c and decreasing ion FLR effect have a similar impact on increasingŝ crit as compared to the baseline. The competition between FLR and κ c terms determines the value ofŝ crit , at which qRk = 0. This competition is reminiscent of transition between the toroidal branch and the slab branch of the drift wave, depending onŝ [37] . However, previous work focused on the eigenfrequency and not on the asymmetry of the parallel mode structure. The novelty of the analysis in this work is the consideration of the synergy of the toroidal coupling and intensity gradient effects. On one hand, the magnetic drift term κ c = cosθ +ŝ(θ −θ k ) sinθ introduces toroidal coupling which brings in modulations on the otherwise anti-well potential Q [37] . On the other hand, the radial intensity gradient inθ k introduces symmetry breaking in κ c . The synergy of these two effects leads to the radial eigenfunction shift and reversal of qR 0 k || at weakŝ. This symmetry breaking mechanism is different than those due to intensity gradient [19] or E × B shear [16, 36, 40] . The effect of the tilting angle and the intensity gradient is studied in the parametric scans with respect toθ Figure 9 shows that the magnitude of qR 0 k increases when the tilting angleθ R k or the intensity gradient variableθ I k increases. However, as shown in Fig. 9 B, theŝ value affects the sign of qR 0 k and the parallel residual stress. The trend of qR 0 k with respect to the intensity gradient andŝ is consistent with the results of the GTS simulation in Fig. 3 and the observed correlation between the intensity gradient and residual stress in Fig. 5 although the model in this section is greatly reduced. It should be noted that in principle, the dominance of either the tilting angle or the intensity gradient may depend on the parameters, e.g., the first and second derivatives of temperature and density. Recent work reports the possible dominance of the tilting angle effect in the ITG study with broader gradient profile (corresponding to r w ≈ 0.325 in Eq. (4)) andŝ(r c ) = 0.78 [20] . In our work, based on the foregoing analyses in a broaderŝ regime with gradient width relevant to LHCD experiment, the intensity gradient mechanism appears to be important and the value ofŝ is crucial for the sign of the residual stress.
The poloidal harmonic δφ m (r)'s radial shift can be obtained as ∆r m = (−1/nq )(2|σ| the parallel mode structure and the poloidal harmonics [22] , where (9), at normal to largeŝ, FLR effects (∝ŝ 2 ) dominate over the magnetic drift term (∝ŝ). An analytical solution can be obtained as k |ŝ →∞ = (2/qR 0 )(|σ| 2θ k,I /σ R ) and ∆r m |ŝ →∞ = 0. Thus δφ m (r) peaks at its rational mode surface asŝ → ∞. When s decreases, the magnetic drift effects become important, inducing significant radial shift, which causes k || reversal. The solution of eigenvalue problem in high and lowŝ correspond to the slab and toroidal branches respectively [37] while the eigenfunction analyses give zero and significant radial eigenfunction shift and thus k reversal between them. It should be noted that the eigen equation here does not include zonal flow or equilibrium flow, thus the radial shift in the lowŝ regime discussed here is indeed a different mechanism for k || symmetry breaking, distinct from previous results which relied on the E × B shear symmetry breaking mechanism [15, 16, 36, 40] .
Relevance to intrinsic torque reversal experiments with LHCD on Alcator C-Mod
Our finding of critical magnetic shear for intrinsic torque reversal gives an interpretation of the the Alcator C-Mod experimental results. We refer to three Alcator C-Mod LHCD discharges with plasma current 0.32 MA, 0.59 MA and 0.91 MA. The profiles of the ion temperature, electron temperature, electron density and the corresponding normalized radial gradient are shown in Fig. 10 , which suggests that the 0.91 MA discharge is TEM favorable due to the increased electron temperature and the consequent decreased electron collision. More details of the Alcator C-Mod rotation experiments with LHCD can be found in [41] . According to our linear simulation, the 0.32 MA discharge is ITG dominant due to the large ion temperature gradient for r < 0.6 while the other two are TEM dominant. As a result, we focus on the 0.59 MA and 0.91 MA cases (with s(r = 0.3) = 0.2 and 0.5 respectively) in order to verify the effect of magnetic shear without ITG-TEM transition.
First we identify the critical magnetic shearŝ crit for the C-Mod parameters by parametric studies with respect toŝ(r = 0.5). The 0.91 MA discharge is defined as the LHCD base case, which is characterized by q = 1.38, R 0 /L T i = 4.29, R 0 /L T e = 10.75 and R 0 /L ne = 3.38 at r = 0.5, θ = 0. The created fitted normalized gradient profile (blue solid line) of the LHCD base case is shown in Fig. 11 . The average second derivative ∂(R 0 /L X )/∂r for 0.35 < r < 0.5 is fitted to the experimental one by matching the R 0 /L X value to that of the original experimental value at r = 0.35 and r = 0.5. The q profiles for parametric scan are generated using Eq. (3), with q(r = 0.5) = 1.38 and specificŝ(r = 0.5). With the corresponding generated equilibria, we can calculate the normalized residual stress and identify the value ofŝ crit relevant to the C-Mod LHCD discharges. Shown in Table 3 are the characteristic values at r = 0.5 for experimental LHCD base case (0.91 MA) and for parametric scans with respect toŝ in ITG and TEM studies in this section. The radial structure of the normalized residual stress from GTS simulations in Fig. 12 suggestsŝ Table 3 . Table 3 . The characteristic values at r = 0.5, θ = 0 for experimental LHCD base case and for parametric scans with respect toŝ. The TEM case is closer to the experimental (Exp.) case while the ITG case is constructed by exchanging the ion and electron temperature parameters. The simulation based on the experimental profiles is performed for more realistic comparison with the experimental observations. In the nonlinear simulation, the simulation domain covers 0.05 < r < 0.80 and the normalized gradient is modified outside r = 0.725 as shown in Fig. 11 (red dashed line) , since we focus on the physics in the core, and since the experimentally observed toroidal rotation change occurs for r < 0.5 [9] . Compared to the linear results, the residual stress spreads towards the magnetic axis side as shown in Fig. 13 A. This suggests that the large electron temperature gradient near r = 0.5 can have an impact on the toroidal rotation change in the inner region (r < 0.5). In Fig. 13 B, the normalized residual stressΠ rφ for the 0.91 MA discharge is positive for r < 0.5, which leads to the counter-current toroidal velocity increment, while for the 0.59 MA discharge,Π rφ has a lower magnitude for r < 0.5. In addition,Π rφ decreases to negative for r < 0.35 for the 0.59 MA discharge, where the local magnetic shearŝ(r = 0.35) = 0.34, which suggests that the sign of Π rφ is related toŝ T EM crit ≈ 0.4 shown in Fig. 12 B. Considering that the experimentally observed toroidal velocity change before and after LHCD is ∆V φ ≈ 5 km/s for the 0.59 MA discharge and ∆V φ ≈ −30 km/s for the 0.91 MA discharge, the magnitude ofΠ rφ shown in Fig. 13 B also reflects the experimental trend. However, the calculation of the rotation profile, in principle, relies on transport time scale simulation, requiring the consideration of other effects such as momentum pinch [12, 42] and the coupling between the edge plasma and the wall, which is beyond the scope of this work. The main results of this work are as follows:
• Intrinsic torque τ I reverses from the co-current direction to the counter-current direction when the magnetic shear is lower than a finite positive valueŝ crit . For model equilibria and specific profiles, the predicted critical magnetic shear iŝ s IT G crit ≈ 1.1 for ITG mode andŝ T EM crit ≈ 0.3 for TEM.
• Strong correlation between the turbulence intensity and the residual stress has been demonstrated, which supports the residual stress generation mechanism due to the turbulence intensity. Sensitivity studies demonstrate that zonal flow shear and mean flow shear do not change the phenomenon of the intrinsic torque reversal.
• Analysis identifies that the τ I reversal is related to an important feature of symmetry breaking mechanism, namely, the radial eigenfunction shift due to the synergy of toroidal coupling and intensity gradient. This mechanism is particular to toroidal geometry and is not the continuation of the traditional intensity gradient symmetry breaking mechanism to weakŝ [19] . The reversal is not merely due to the global mode tilt due to profile shearing either, where intensity gradient mechanism is thought to be unimportant [13] .
• The parametric scan identifies the critical magnetic shear for intrinsic torque reversal with fitted profiles relevant to Alcator C-Mod LHCD rotation experiments, i.e.,ŝ IT G crit ≈ 0.92 and s
T EM crit
≈ 0.4. The nonlinear simulation results with realistic profiles are consistent with the experimental observations in terms of torque direction and critical magnetic shearŝ crit for torque reversal.
Our finding of the intrinsic torque reversal at a finite positive value of the magnetic shear could be important for interpreting experimental results on different tokamak devices. The rotation reversal of Ohmic discharges has been observed on various tokamak devices, such as TCV [43] , ASDEX Upgrade [44] and C-Mod [7] , where the critical density has been thought to be more relevant, while the effects of magnetic shear have been essentially ignored until the recent LHCD rotation experiments [9] . According to our results, the database of the rotation experiments might be better classified and the intrinsic torque direction might be better predicted according to multiple parametric variables including the magnetic shear, mode type and collisionality. Another significant aspect of our work is its relevance to ITB formation. According to the Optimal Shear (OS) experiments on JET, the toroidal flow shear andŝ are crucial factors for ITB formation. Therefore, understanding the effect of the residual stress on rotation profile formation at weak magnetic shear is important for the study of the ITB formation, especially for large-size devices such as ITER or DEMO, where NBI is not sufficient to drive the toroidal rotation. In this work, we focused on the residual stress induced by the radial variation. It might be important to consider turbulent acceleration [17, 18] , polarization drift [45] , turbulence spreading [46] , neoclassical effects [30, 31] and their behavior at weak magnetic shear. The contribution from different mechanisms on the rotation profile formation will be studied in our future work.
